Ultradian oscillations of glucocorticoid hormone secretion are crucial for transcriptional regulation of glucocorticoid responsive genes. Furthermore, there is strong evidence for disruption of normal pulsatile patterns in stress-related clinical disease. It is however not clear how the pulsatile characteristics of this hormone affect physiological responses in the intact individual.
Stress responsiveness varies over the ultradian glucocorticoid cycle in a brain region specific manner
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Introduction
Glucocorticoid hormones, the final products of the hypothalamic-pituitary-adrenal (HPA) axis, are essential for the control of homeostasis and the adaptation to stress (de Kloet et al. 2005 , McEwen 2007 . In mammals including humans, glucocorticoids are characteristically released in approximately hourly hormone bursts by the adrenal gland (Weitzman et al. 1971 , Jasper & Engeland 1991 , Windle et al. 1998b , Henley et al. 2009 ). These rapid ultradian hormone pulses increase in amplitude in anticipation of the active phase providing a circadian release pattern. Superimposed upon these basal endogenous rhythms is the CNS mediated glucocorticoid response to a stressor.
The pulse characteristics of ultradian rhythmicity in glucocorticoids are remarkably plastic and change under different physiological conditions (Lightman et al. 2000) . Disorganisation of ultradian rhythmicity has also been described in stress-related disease (Deuschle et al. 1997 , Hartmann et al. 1997 , Young et al. 2004 , Lightman et al. 2008 , Henley et al. 2009 ). It appears that pulse amplitude, frequency and phase are all relevant variables in modulating the acute response of the HPA axis (Windle et al. 1998b , Windle et al. 2001 , Atkinson et al. 2006 , Russell et al. 2010 . Even at the level of the behavioural response there is an impact of changes in ultradian pulse characteristics (Sarabdjitsingh et al. 2009b ). This suggests that brain targets and receptors are responsive to the pulsatile patterns that have been recorded in rats for free tissue concentrations of the glucocorticoid hormone corticosterone (Droste et al. 2008 ).
There is also good in vitro and in vivo evidence that repeated exposure to glucocorticoid pulses results in consecutive waves of glucocorticoid receptor (GR) signalling and eventually 'gene pulsing' of native transcripts (Conway-Campbell et al. 2007 , Stavreva et al. 2009 ). Furthermore, disruption of pulsatile patterns by continuous corticosterone administration attenuates glucocorticoid target gene responses in the rat brain to a subsequent challenge, revealing the sensitivity of receptor-mediated mechanisms to the underlying pattern of hormone presentation (Sarabdjitsingh et al. 2010) . A major area that has not been investigated however, is the interaction of glucocorticoid pulsatility with physiological responses to stress.
Recently, a post-hoc analysis during different phases of the endogenous ultradian cycle, has indicated a much greater HPA responsiveness when the stress was applied during the ascending phase of a corticosterostone pulse (Windle et al. 1998b ), suggesting either a facilitated stress response during the ascending phase and/or an inhibitory effect during the falling phase. Here we aimed to clarify the importance of the corticosterone pulses themselves by carrying out a prospective study in which we could control all the glucocorticoid variables, and assess both the neuroendocrine and the behavioural response to a stressor at different phases and amplitudes of a pulse.
In order to achieve this goal, we used our recently developed computer controlled system in which automated steroid infusion is combined with high frequency automated blood sampling in freely moving rats (Lightman et al. 2008 ). This allows a precise and systematic infusion of corticosterone in either ultradian or constant patterns in adrenalectomised rats without changing the total amount of corticosterone exposure. The current approach provides a unique opportunity to study the functionality of glucocorticoid pulsatility and the consequence of alterations in ultradian pulses for stress and tissue responsiveness in a tightly controlled experimental design.
Experimental procedures
Subjects
Experiments were conducted on male Sprague-Dawley rats (Harlan, UK; ± 250 g at the time of surgery). After arrival, animals were allowed a week acclimatisation to the housing facility at 4 per cage under standard environmental conditions (21 ± 1 °C) and a 14 : 10 h light/dark cycle (lights on 05.15 h). Food and water were provided ad libitum. Animal procedures were approved by the University of Bristol Ethical Review Group. Animal care was conducted in accordance with Home Office guidelines, the UK Animals (Scientific Procedures) Act 1986 and the EC Council Directive of November 1986 (86/609/EEC). All possible efforts were made to minimise the number of animals used and their suffering.
Surgery
Intravenous cannulation of the jugular vein was essentially performed as described before (Spiga et al. 2007 ). Briefly, animals were anaesthetised with a combination of Hypnorm (0.32 mg/kg fentanyl citrate and 10 mg/kg fluanisone, i.m.; Janssen Pharmaceuticals, UK) and diazepam (2.6 mg/kg i.p.; Phoenix Pharmaceuticals, UK). The right jugular vein was cannulated by inserting a polythene cannula (Portex, UK) modified to contain two thinner cannulae to connect to both the infusion and sampling system simultaneously. During the same surgery, adrenal glands were removed (ADX) by the dorsal approach. Following recovery, animals had free access to food and 0.9% saline supplemented with corticosterone (25 mg/l, Sigma-Aldrich, USA). Animals were individually housed and kept in the automated blood sampling room where the cannulae were attached to a mechanical swivel allowing maximal freedom of movement. The cannulae were flushed daily with heparinised saline to Experimental procedures maintain patency. Twelve hours prior to infusion the corticosterone drinking solution was replaced with 0.9% saline.
Automated corticosterone infusion and blood sampling
A schematic overview of the experimental design is depicted in Fig. 1 . On post-surgery day 4, animals were connected to both the automated blood sampling (ABS) system and automated infusion system (Fig. 1A) . One of the double cannulae was used to connect to the ABS system for sampling on day 5 as described in detail (Windle et al. 1997 , Windle et al. 1998b ). The other cannula was connected to a recently developed automated infusion system that allows ultradian or constant infusion of corticosterone (Lightman et al. 2008) . Animals (n = 7 -14) were infused for 12 hours with either 1) vehicle (3.75 mg/ml 2-hydroxypropyl-β-cyclodextrin (HBC) in 0.9% saline, Sigma-Aldrich, USA), 2) constant corticosterone clamped at 50 ng/ml (0.23 mg/ml corticosterone-HBC in 0.9% saline, Sigma-Aldrich, USA), or in ultradian pulses with an amplitude of 3) 50 ng/ml or 4) 100 ng/ml (0.12 or 0.23 mg/ml corticosterone-HBC, respectively, Fig. S1B ). All groups were infused with the same amount of corticosterone to maintain equal exposure (area under the curve). Accordingly, infusion time was adjusted from 12 to 24 hours in the group receiving 50 ng cort pulses (Fig. 1B) . Frequency of pulsatile infusion was 60 min with 20 min on-rate and 40 min off-rate. Infusion rate was 0.33 ml/hour for constant infusion and 1 ml/hour for pulsatile infusion during the on-rate. Animals remained undisturbed in their home cages during infusion, blood sampling and exposure to white noise.
Experimental design
Stress responsiveness in the different infusion groups (n = 7 -14) was determined by activation of a white noise generator in the blood-sampling room. At 10.00 on post-surgery day 5, animals were exposed to 99 dB for a fixed period of 10 min. During the same time animal home cage behaviour was recorded using cameras mounted above each individual cage. Stress was applied 3 min after onset of either the rising or falling phase of the last ultradian pulse in both the 50 ng and 100 ng corticosterone groups or simultaneously in the constantly infused vehicle and corticosterone animals (Fig. 1B ). Blood samples (25 μl aliquots) were collected remotely using the ABS system at a dilution of 1:8 in heparinised saline. Relative to the onset of the stress, samples were collected at time points -9, -2, 5, 12, 19, 26 and 33 min in chilled tubes containing EDTA and Trysalol inhibitors. Animals were sacrificed 30 min after termination of the stressor. Brains and pituitary glands were rapidly collected and frozen on dry ice. or vehicle started either 12 or 24 hours prior to stress. At 10.00 hr on day 5, animals were exposed to 10 min of noise stress (99 dB) and were decapitated 30 min after. Blood samples were automatically collected with the ABS before, during and after noise. B | Animals were infused for 12 hours with vehicle (0.9% saline), constant corticosterone clamped at 50 ng/ml, 100 ng/ml pulsatile infusion or 50 ng/ml pulsatile infusion. In the last group infusion time was increased to 24 hours to maintain an equal area under the curve between all treatment groups. Noise stress (indicated by the arrows) was applied 3 min after onset of a rising or falling phase in the pulsatile infused groups or simultaneously in the constantly infused groups. 
Hormone measurements
Blood samples were centrifuged for 15 min at 4000 rpm at 4 ˚C. Plasma was stored at -80 ˚C until assayed with commercially available kits. ACTH levels were determined via immunoradiometric assay (IRMA; Diasorin Ltd, UK) and corticosterone via radioimmunoassay (RIA; MP Biomedicals Inc., USA) according to the manufacturer's instruction. All samples were processed in the same assay to exclude inter-assay variability. Intra-assay coefficients of variation were 2.8% and 7.3% for the ACTH and corticosterone assay, respectively.
Tissue preparation and in situ hybridisation
Coronal sections of PVN, hippocampus, amygdala (14 μm) and pituitary (8 μm) were mounted on Superfrost Plus slides (Menzel-Gläser, Germany). In situ hybridisation with 33Phosporus and 35Sulphur end-labelled oligonucleotide and riboprobes were used to visualise mRNA expression of c-fos, CRH, POMC, MR and GR as previously described (Rots et al. 1996 , Karssen et al. 2005 . The signal was quantified from films exposed 4 hr -12 days (X-OMAT AR, Kodak, NY) using ImageJ 1.32j analysis software (NIH, USA; http://rsb. info.nih.gov/ij/). Relative expression levels were determined and related to standard curves of 14C (RPA 504 microscales, Amersham, UK).
Behavioural analysis
Home cage behaviour was analysed 10 min before, during and after stress. The following behaviours were analysed with a semiautomatic scoring system (The Observer Mobile 4.1, Noldus Information Technology, The Netherlands): i) risk assessment ('seeking' behaviour while the body is still or stretched), ii) face washing (grooming of face using front paws), iii) body grooming (grooming using front and back paws, i.e. scratching), iv) locomotion (walking, front and back paws move) and v) sitting (e.g. sitting or sleeping). Total activity was calculated by adding the scores of behaviours i-iv. In addition vi), the number of rearing events (raising of the rat and then lowering both front paws) was counted. Freezing was also included as behavioural variable. However, this type of behaviour was not observed in this study and therefore not included in further analysis.
Statistical analysis
Statistical analyses were performed using SPSS 16.0 (SPSS Inc., Chicago, IL, USA). All data are expressed as the mean ± SEM. For each study the appropriate tests and post-hoc tests, where applicable, were used as indicated in the corresponding figure legends. P-values < 0.05 were considered statistically significant.
Results
Effect of infused corticosterone on stress-induced ACTH release
To study the effect of stress on different patterns of infused corticosterone on ACTH release, animals were exposed to noise stress while blood samples were collected automatically (Fig. 2) . Noise stress evoked a transient increase in ACTH release with hormone peaks 5 min after the onset of the stressor in all treatment groups ( Fig. 2A ; effect of time: p < 0.001). Corticosterone infusion attenuated basal as well as (absolute and relative) stressinduced ACTH levels to noise at all time points after onset of the stressor compared to vehicle infusion ( Fig. 2A and B, p < 0.001). The response of ACTH, however, was much greater in the pulsatile infused animal compared to those receiving constant infusion (interaction effect: p < 0.001). Interestingly, basal ACTH levels were not affected by the pattern of corticosterone infusion itself ( Fig. 2A ).
In the animals receiving the pulsatile infusions, the ACTH response to stress depended both on the phase and the amplitude of the corticosterone pulses. Stressors applied during the falling phase of a corticosterone pulse resulted in significantly lower ACTH responses, both for the 50 ng and the 100 ng infused rats ( Fig. 2C ; p < 0.001). In addition, higher amplitude corticosterone peaks (100 vs. 50 ng infusion) led to a lower ACTH response (p < 0.001). Similar results were obtained by calculating the relative increase in ACTH from baseline ( Fig. 2D ).
Markers for central HPA axis activity
In order to determine whether there were basal hypothalamic or pituitary changes underlying the differences in stress responsiveness we measured the expression of a number of markers. Corticosterone infusion decreased CRH mRNA levels in PVN ( Fig. S1A ; p = 0.02) and POMC mRNA in pituitary ( Fig. S1B ; p = 0.03) relative to ADX vehicle infused rats, but this effect was independent of the pattern or phase of corticosterone infusion.
Both MR and GR mRNA expression in the hippocampal CA1 area were suppressed by corticosterone infusion relative to vehicle treated rats ( Fig. S2A and B, p < 0.01). However, in comparison with constant cort and 100 ng cort infused animals, there was a slight but significant higher (p < 0.05) expression of MR and GR for both 50 ng infused groups. Similar patterns were found for MR in dentate gyrus (p < 0.05) but not in CA3 ( Fig. S2C and E). GR mRNA expression levels were suppressed uniformly across corticosterone infusion groups in CA3 and dentate gyrus ( Fig. S2D and F ). In addition, there were no significant changes in GR expression in the PVN (Fig. S2G , p = 0.7) or pituitary (Fig. S2H , p = 0.16) related to the pattern or phase of corticosterone infusion.
Results
Figure 2 | Basal and noise stress-induced ACTH levels. A | 10 min noise stress evoked a transient increase in absolute ACTH levels in vehicle, constant or pulsatile corticosterone (50 ng cort pulses) infused animals (effect of time: F(6, 180) = 12.93, p < 0.001). Constant corticosterone infusion attenuates stress-induced ACTH compared to pulsatile infusion at 5 min after onset of the stressor (interaction effect: F(10, 180) = 2.52, p < 0.01). B | Similar but more pronounced differences were demonstrated by analysing the relative increase in ACTH from baseline (time: F(5, 157) = 28.47, p < 0.001; interaction effect: F(10, 157) = 3.24, p < 0.001). C | Stress applied 3 min after onset of the different phases of the last pulse resulted in increased ACTH release (time: F(6, 183) = 226.5, p < 0.001). However, stress-induced ACTH release in the falling phase was lower compared to the rising phase (interaction effect: F(18, 183) = 18.25, p < 0.001). D | Data plotted as relative increase from baseline showed similar results (time: F(5, 158) = 241.2, p < 0.001; interaction effect: F(15, 158) = 21.46, p < 0.001). Data is analysed by two-way RM ANOVA and Bonferonni's post-hoc test (*** p <0.01, ** p < 0.05 all groups; * p < 0.05 vehicle vs constant; # p < 0.001 50 rising vs 50 ng falling, 50 ng rising vs 100 ng rising, 100 ng rising vs 100 ng falling; @ p < 0.05 50 ng rising vs 50 ng falling, 50 ng rising vs 100 ng rising; n = 7-14).
onset stressor (min) 
Immediate early gene c-fos expression in different brain regions
To evaluate the effects of different pulse characteristics on neuronal responses to stress, cfos mRNA was measured. Region-specific differences in c-fos expression were found in the pituitary gland (Fig 3A, p < 0.01), PVN (Fig. 3B , p < 0.001), amygdala (Fig. 3C , p < 0.01) and hippocampal subfield CA1 (Fig. 3D , p = 0.54). Representative images of c-fos mRNA expression in the corresponding areas are depicted in Fig. S3 .
In the pituitary (Fig. 3A) , c-fos expression in vehicle infused animals was significantly increased compared to all the corticosterone infused groups (p < 0.01), except the 50 ng rising group. In the 50 ng cort infused animals c-fos levels were markedly higher after stress exposure during the rising phase (p = 0.03). We observed the opposite in the PVN (Fig.  3B ): with lower c-fos expression during the rising phase of 50 ng cort infused animals (p < 0.05). In both PVN and pituitary, we found decreased c-fos mRNA expression as a consequence of increased cort amplitude (veh vs 100 ng cort pulses, p < 0.01). c-Fos expression in the amygdala was markedly higher in rats that were stressed during the rising phase of the pulse, independent of its amplitude ( Fig. 3C ; p < 0.01), while no significant difference in c-fos expression between vehicle and constant cort infused was observed. No effect of corticosterone treatment or phase was observed in c-fos expression in the CA1 region (Fig.  3D , p = 0.54), hippocampal subregions CA3 (Fig. S4A , p = 0.47) and dentate gyrus ( 
Behavioural response to noise stress
Before and after the stressor, the animals did not differ in total activity ( Fig. 4A and S5A ). During stress, however, the behavioural response of the 50 ng corticosterone animals was phase-dependent as noise stress increased total activity but to a lesser extent in animals stressed during the falling phase ( Fig. 4A ; p < 0.001).
Detailed analysis of recordings during the stressor using interaction analysis of the individual behavioural parameters indicated significantly higher risk assessment in animals stressed during the rising phase of a 50 ng ultradian pulse, particularly in the initial minutes after onset of the stressor ( Fig. 4B ; p < 0.01). In contrast, animals stressed during the falling phase explored less throughout the stress period. Similar results were found for rearing, face and body grooming ( Fig. S5B and C) . Data is expressed in 10 min bins before, during and after the stressor (n = 7). B | Similarly, behavioural activity plotted in 1 min bins during the stressor shows increased risk assessment in 50 ng cort infused animals stressed on the rising (interaction effect: F(11, 132) = 2.6; p < 0.01). Inset indicates total duration per 10 min during the stressor. Two-way ANOVA and Tukey's post-hoc test and two-way RM ANOVA and Bonferroni's post-hoc test, n = 7, *** p < 0.001, ** p < 0.01, * p < 0.05. The concept that rapid fluctuations in endocrine systems are major determinants for the outcome of target tissue responses and physiology has been well explored for GnRH and growth hormone (Belchetz et al. 1978 , Hauffa 2001 , Veldhuis et al. 2001 . It is now increasingly being recognised that episodic, pulsatile glucocorticoid release is also crucial for hormone signalling in the brain and other tissues (Conway-Campbell et al. 2007 , Stavreva et al. 2009 , Sarabdjitsingh et al. 2010 ). However, practical limitations in regulating rapid ultradian pulses in living animals have, until now, hampered progress in obtaining evidence for the physiological importance of glucocorticoid pulsatility. The advanced automated steroid infusion system used in this study overcomes these limitations and provides the facility to ensure the tight control of infusion of different ultradian patterns of corticosterone (Lightman et al. 2008 ). This technical development has opened up the opportunity to examine how corticosterone pulsatility might interact with stress responsiveness. In the current study we have been able to investigate the contribution of individual ultradian glucocorticoid pulse characteristics such as pattern, phase and amplitude in a controlled fashion to stress responsivity with a dose that is similar to the normal physiological mean 24 hour corticosterone secretion rate. Without altering the total administered dose we either gave a constant infusion or varied the pulse amplitude by adjusting both the concentration and duration of infused corticosterone. At the end of infusion -and either during the rising or falling phase of our exogenous pulse -animals were exposed to 10 minutes of 99 dB noise stress.
This design revealed that the pattern of corticosterone exposure had a powerful effect on ACTH responsivity to the noise stressor while no differences in basal ACTH levels prior to stress were observed. Constant infusion of corticosterone resulted in a clear suppression of ACTH response, while pulsatile infusion of the same dose of glucocorticoid permitted a larger response. This sensitising effect of pulsatility was even more pronounced during the rising phase of an ultradian pulse than during the falling phase. In addition, animals infused with higher amplitude pulses showed smaller increments in stress-induced ACTH release. These data thus clearly show that the neuroendocrine response to stress depends on circulating glucocorticoids in both a phase and amplitude dependent manner.
Our data explain previous studies that retrospectively correlated higher corticosterone responses to a stressor with the rising phase of an endogenous pulse and lower mean corticosterone responses with increased pulse frequency (Windle et al. 1998b , Windle et al. 2001 . Other data suggest however that negative feedback of glucocorticoids should be greatest when corticosterone levels are rapidly rising within physiological concentrations in a process termed rate sensitive feedback (Dallman & Yates 1969 , Kaneko & Hiroshige 1978 . Whether the observed phase-dependence of the ACTH response is due to a delayed Discussion inhibition after the rapid increase of corticosterone or possibly the facilitation of ACTH responsiveness during the ascending phase, cannot be answered from the present studies as we could not explore the apparent rate sensitivity in our studies using multiple physiological pulses of corticosterone rather than single infusions. What is clear from our design however, is that the onset of a stressor in relation to the phase or amplitude in a regimen of repeated ultradian pulses, is a major determinant of acute ACTH responsiveness and negative feedback inhibition. As constant corticosterone administration attenuates stress-induced ACTH release, every surge in glucocorticoid level could serve to prepare and maintain flexibility in ACTH release for adequate responses to stress.
In the current study, c-fos immediate early gene expression was used as a stressor-specific marker for activation of pituitary and brain pathways involved in the stress response. Since the pattern of corticosterone infusion only had an effect on ACTH release during noise stress and not under basal conditions, we studied c-fos expression following this stressor and clearly show selective activity of the pituitary and different neuronal pathways which depend on temporal aspects of the ultradian cycle.
The c-fos data in the pituitary gland suggest an interaction of pulse phase and amplitude and resembles the pattern of stress-induced ACTH release. Further interpretation is precluded by the fact that ACTH release is not always reflected in c-fos expression, if only because of the different time domains in which the responses develop (Ginsberg et al. 2006 , Weinberg et al. 2007 . Despite this, corticosterone clearly feeds back on the HPA axis imposing similar phase and amplitude dependence of the ACTH and c-fos response to stress-induced signalling, probably via pituitary and supra-pituitary sites (Windle et al. 1998a , Russell et al. 2010 ).
Our observations in the PVN also demonstrate interaction of pulse phase and amplitude in c-fos expression. The role of the PVN as ultradian feedback integrator is complicated. CRH neurones are not only themselves glucocorticoid sensitive but are also heavily innervated by networks of both inhibitory GABAergic and excitatory glutamatergic synaptic inputs from different brain nuclei, such as the amygdala and prefrontal cortex, that are under the influence of corticosterone (Herman et al. 2003 , Herman et al. 2004 ). These various stress pathways and the integrated feedback signal produced by ultradian exposure together determine PVN outflow and are likely to contribute to the different pattern of c-fos activation found in this nucleus. The hippocampus, which is also regarded as a major input and exerts a trans-synaptic, primarily inhibitory, influence on the PVN (Jankord & Herman 2008), is different again, and shows no differential c-fos response to either acoustic stimulation or corticosterone pulsatility. Acoustic stimulation typically results in a wide pattern of brain activation including specific brain circuits involved in the stress response to noise but is known induce low c-fos responses in the hippocampus (Campeau & Watson 1997 , Burow et al. 2005 .
The most fascinating c-fos response was seen in the amygdala. This nucleus is of prime importance in the response to emotionally salient stimuli, with arousing experiences able to modulate amygdala structure and function (McGaugh 2004 , Roozendaal et al. 2009 ). Of particular relevance to the current studies is its involvement in the behavioural responses to noise (Campeau & Watson 1997 , Burow et al. 2005 ). We have not only been able to demonstrate a correlation between behaviour response and c-fos activation, but have now clearly shown for the first time that this is tightly related to the phase of the ultradian corticosteroid cycle.
An important aspect of these studies is that in addition to c-fos and neuroendocrine responses, there are also behavioural correlates to the amplitude and phase of the ultradian corticosterone pulses. We find that behavioural activity was highest when the noise stress was experienced during the rising phase of corticosterone infusion. These data fit well with the work of, Haller et al. observed, following post hoc evaluation of their results, that the propensity of rats to behave aggressively was increased during the rising phase of an ultradian pulse (Haller et al. 2000a) . These data strongly suggest differences in reactivity of emotional brain centres, such as the amygdala, and that the emotionality and exploratory response to stress could be modulated by rapid fluctuations in corticosterone. The temporal correlations of the stress induced behavioural pattern of ACTH release and c-fos expression in the amygdala, suggests some glucocorticoid mediated integration, although the detailed mechanism of the links needs further evaluation. What we can conclude however is that both the neuroendocrine and behavioural response to stress vary over the ultradian cycle with hourly surges in corticosterone resulting in a more intense response to stress.
The mechanism underlying HPA pulsatility is itself a fascinating question with recent evidence suggesting a pituitary-adrenal oscillatory mechanism dependent on hypothalamic gain (Walker et al. 2010) . The current study provides a framework to understand the mechanism(s) underlying the ultradian phase dependent changes in sensitivity of stress responsiveness. Logically one can assume that this is either related to an increased break during the falling phase or increased drive during the rising phase or indeed a combination of both of these. With respect to feedback effects that might be part of the explanation of our data, recent evidence suggest that centrally anti-mineralocorticoids can interfere with the dynamic generation and regulation of basal ultradian HPA activity and fast feedback in the rat (Atkinson et al. 2008) , GR however is involved at the pituitary level and is likely to be responsible for recent data demonstrating the rapid inhibition of ultradian pulsatility by glucocorticoids (de Kloet et al. 1974 , De Kloet et al. 1975 , Russell et al. 2010 .
Which ever of these is the base, the time domain of the altered efficacy of pulsatile corticosterone in control of ACTH release and behavioural stress responsiveness, suggests that rapid non-genomic effects play a role, although there is also increasing evidence for rapid genomic responses to glucocorticoids (Stavreva et al. 2009 ). These non-genomic effects are thought to be mediated via putative membrane-bound variants of MR and GR (Hinz & Hirschelmann 2000 , Karst et al. 2005 . The non-genomic MR in limbic structures enhances the presynaptic glutamate release probability and reduces postsynaptic hyperpolarisation via the ERK1/2 pathway and K+-conductance with the net result to enhance excitatory transmission (Olijslagers et al. 2008) . On the other hand, non-genomic GR in PVN reduces net neuronal excitatory transmission via endocannabinoids and nitric oxide (Di et al. 2003 , Di et al. 2009 ). The balance between rapid non-genomic and slower genomic effects via membrane-bound and nuclear variants of MR and GR (De Kloet et al. 1998) may rapidly change over the duration of a single ultradian pulse and mediate differential modulatory effects of corticosterone in different areas of the brain. Studies in modulating different aspects of the pulse frequency as well as pulse peak and nadir, should allow us to address such mechanistic issues in the future and in particular help explain the enhancement and suppression of cfos responses during the ascending and descending phases of the corticosteroid pulse seen most markedly in the amygdala.
Although ultradian activity of the HPA axis has been recognised for many years, it is only recently that we have become aware of the critical importance of rapid ultradian oscillations in glucocorticoid hormone exposure for transcriptional control and target tissue responsiveness (Conway-Campbell et al. 2007 , Stavreva et al. 2009 , Sarabdjitsingh et al. 2010 . We have been able to demonstrate in the ADX corticosterone infused rat that the cyclical alterations in HPA responses described by Windle et al in intact rats (Windle et al. 1998b) , as well as cyclical behavioural responses, are actually a consequence of the changing levels of circulating glucocorticoid -and indeed this is the first evidence for functional consequences of ultradian glucocorticoid pulsatility. This will be important not only for our understanding of glucocorticoid biology and signalling but probably also for the elucidation of the pathophysiology and aetiology of stress-related disorders (Dallman et al. 1987 , de Kloet et al. 2005 , Herbert et al. 2006 .
Furthermore, the reduced ACTH and behavioural responses following continuous administration of glucocorticoids, serves as a warning to both experimental neuroendocrinologists and clinicians that steady state glucocorticoid levels are likely to result in unphysiological effects. For optimal function it seems that ultradian activity "primes" the HPA axis and different brain circuits through rapidly alternating feed forward and feedback modes providing "resilience" to the fundamentally important stress response.
Supplemental data
Figure S1 
Figure S5
| Behavioural analysis to noise stress. Behavioural activity was examined in 10 min bins before, during and after the stressor. Noise stress evoked a transient increase in A| total activity in all treatment groups but significantly less in the 50 ng corticosterone infused animals stressed during the falling phase (F(5, 45) = 2.95; p = 0.02). No difference was found before or after the stressor between the different treatment groups. Similarly, behavioural activity plotted in 1 min bins during the stressor shows increased B | rearing (interaction effect: F(11, 162) = 2.34; p = 0.011) and C | grooming in 50 ng cort infused animals stressed on the rising (interaction effect: F(11, 154) = 2.72; p < 0.01). Inset indicates number of events or total duration per 10 min during the stressor. One-way ANOVA and Tukey's post-hoc test and two-way RM ANOVA and Bonferroni's post-hoc test, n = 7-8, *** p < 0.001, ** p < 0.01, * p < 0.05.
